I N T RO D U C T I O N
The swarms of microearthquakes (magnitudes about 0 to 2) were recorded on the different volcanoes of the world (Núñez-Cornú et al. 1994; Orozco Rojas 1994; Neuberg et al. 1998; Carniel et al. 2006; Iverson et al. 2006; Macedo et al. 2008; Waite et al. 2008) . They are associated with effusive-explosive eruptions. At Volcán de Colima, México they were named as 'hiccups' or 'pulgas', at other volcanoes 'drumbeats', 'low-frequency (LF)', 'long-period (LP)', 'very-long-period (VLP)' or 'hybrid' earthquakes.
These seismic events were observed at different types of volcanoes: basaltic (Stromboli), andesitic (Volcán de Colima, Ubinas) and dacitic (Mount St Helens).
Hybrid microearthquakes at Stromboli volcano, Italy
The 924-m high basaltic stratovolcano Stromboli, situated in Southern Tyrrhenian Sea on the island Stromboli, is an open-conduit volcano characterized by the permanent emission of a gas plume from the craters and by a persistent activity lasting since more than 1000 yr ago (Rosi et al. 2000) . Two recent significant effusive eruptions interrupted the persistent explosive activity during 2002 December-2003 March and beginning from 2007 February 27 to April 2. During the effusive phases, the visible explosions were absent, but with decreasing rate of effusive activity, the large explosions were recorded again. The microearthquakes were recorded before, during and after these effusive episodes (Martini et al. 2007; Bonaccorso et al. 2008) . Martini et al. (2007) defined microearthquakes at Stromboli as 'hybrid' according to their waveforms that begin with a LF pulse followed by a high-frequency pulse. The main swarms of these events were recorded on 2007 March 6-8 and March 20, before and after the 2007 March 15 explosion. Their foci, located by using a probabilistic approach, were clustered within a small volume close to the summit craters of the volcano at a depth of about 400-500 m beneath the crater. The study of other sequence of similar events recorded at Stromboli before the 2003 April 5 explosion (Carniel et al. 2006 ) demonstrated a sharp increase in the number of events some hours before the explosion. Fig. 1 shows the sequence of microearthquakes recorded on 2007 February 24 at Stromboli volcano, just before the beginning of its effusive eruption of February 27, by the broad-band seismic station STRA, installed at a distance of only 300 m from the crater and equipped by GURALP CMG-40T sensor. Their waveforms and Fourier spectra are shown in Fig. 2 . It is seen that the waveforms consist of two signals, the initial LF and small amplitude pulse (between t 1 and t 2 ) and the second, characterized by larger amplitude and higher frequency. The Fourier spectra of these events are characterized by two dominant peaks at frequencies of 3.5 and 1.5 Hz.
Swarms of microearthquakes

LP microearthquakes at Ubinas volcano, Perù
The 5672-m high andesitic-to-rhyolitic stratovolcano Ubinas is the most active Peruvian volcano for last 450 yr. Its historical activity, documented since the 16th century, has consisted of intermittent minor-to-moderate explosive eruptions. The recent unrest at Ubinas began on 2006 March 25 with small ash explosions. A new lava dome in the crater began to grow beginning in 2006 April. A sequence of large explosions accompanied by the ash columns and reaching to 7-8 km a.s.l., occurred during 2006 May-October; the ash eruptions and steam emissions of different intensity continued through to at least 2009 January (BGVN, 1969 (BGVN, -2009 Macedo et al. 2008) . 43 from 134 explosions were preceded by the sequences of microearthquakes (Macedo et al. 2008) . It was shown that the microearthquakes waveforms are very similar, occur in families and characterized by the dominant frequencies at 2.8 and 3.6 Hz. Fig. 3 shows a sequence of microearthquakes (named LP in Macedo et al. 2008) preceding the 2006 May 29 explosion. This record was obtained at a digital short-period (Kinemetrics SS1, Ts = 1 Hz) seismic station UB1, installed on May 24 at an altitude of 4840 m, and at a distance of 2.5 km from the crater (Macedo et al. 2008) . The waveforms and corresponding Fourier spectra of three microearthquakes from this sequence are shown in Fig. 4 . It is seen that the waveforms consist of two signals, the initial LF and small amplitude pulse (between t 1 and t 2 ), and the second, characterized by larger amplitude and higher frequency. The peak frequencies of their Fourier spectra range between 2.5 and 4 Hz. More detail spectral study of the Ubinas microearthquakes (Macedo et al. 2008) showed that the microearthquakes of the same waveforms with the peak frequencies of 2.8-3.6 Hz were also recorded during the 2006 explosive activity.
Drumbeat microearthquakes at Mount St Helens, Cascades
The most detailed study of volcanic microearthquake swarms was carried out during the lava extrusion at Mount St Helens in 2004 -2005 (Iverson et al. 2006 Moran et al. 2008a; Waite et al. 2008) . The 2549-m high dacitic stratovolcano Mount St Helens began erupting on 2004 October 1 after 18 yr of quiescence. The newly extruded dacite formed a series of spines that were repeatedly formed and disintegrated (Iverson et al. 2006) . A sequence of et al. 2008a, 2008b) .
Swarms of microearthquakes
On October 16, the appearance of regularly spaced, numerous small (M d < 2) shallow earthquakes (named as 'drumbeat') was marked. The drumbeats consisted of repetitive LF (peak frequencies in the 2-3-Hz range) and hybrid (peak frequencies in the 8-16-Hz range) earthquakes and accompanied the regular rate of extrusion of several dacite spines. Most of them were occurring in families of similar events. The epicentres of these small earthquakes were distributed around the crater, within an area 1 × 1 km centred on the vent (Moran et al. 2008a (Moran et al. , 2008b . Fig. 5 shows a sequence of the drumbeat events, preceding the 2005 March 9 explosion, recorded by short-period station MIDE that was installed at a distance of a few hundred metres from the vent. The waveforms and Fourier spectra of three small events from this swarm are shown in Fig. 6 . It can be seen that they consist of two signals, the initial LF and small amplitude pulse (between t 1 and t 2 ) and the second, characterized by larger amplitude and higher frequency. The Fourier spectra of these events are characterized by dominant peaks at frequencies of 6.5 and 2.3 Hz.
The origin of the drumbeat earthquakes was discussed by Iverson et al. (2006) and Waite et al. (2008) . Iverson et al. (2006) consider them as stick-slip motions between the extruding lava and conduit walls. This shear-faulting process may be modelled as a combination of a double couple and a near-vertical single force. At the same time, Waite et al. (2008) noted that no stick-slip events were documented geodetically; moreover, these earthquakes appeared when the extrusion stopped. They consider that nearly identical waveforms and locations suggest a repetitive, non-destructive source process.
Modelling of the source mechanisms of 68 drumbeat earthquakes as LP events using 23 channels from eight broad-band seismic stations showed that the moment tensor, found for the best fit model, is dominated by the three dipole components and a vertical singleforce component. The dipole components indicated the mechanism representing a volumetric source. Waite et al. (2008) consider that the vertical-force component may be explained by oscillations of the growing spine and the entire dome, and the volumetric source may be represented by a horizontal tensile steam-filled crack. The centroid depths indicate the position of these cracks directly beneath the growing lava dome, about 350 m beneath the dome apex.
Resume and the subject of our study
This short review of volcanic microearthquakes observed at Stromboli, Ubinas and Mt St Helens shows that the most common characteristic of them is a waveform structure: two pulses, initial of LF and low amplitude, and the second, of high frequency and high amplitude. All these events are characterized by significantly low amplitudes. Their spectral peak frequencies vary from 1.5 to 6.5 Hz.
The subject of our study is the andesitic Volcán de Colima, México and its microearthquake swarms. Microearthquake sequence was first recorded during its 1991 eruption. This earthquake sequence continued for 1 d only, 28 d after the beginning of lava extrusion. The dominant frequency of their seismic records was about 3 Hz (Núñez-Cornú et al. 1994) . No microearthquake sequences were recorded before or during the 1994 phreatic explosion (Jiménez et al. 1995) . During the 1999-2005 sequence of large Vulcanian explosions at Volcán de Colima, the appearance of microearthquake swarms became regular. The microearthquakes sequences were recorded a few hours before the 1999 largest explosions on February 10, May 10 and July 17 (Zobin et al. 2002; Vargas-Bracamontes et al. 2009 ). Most numerous and long-acting microearthquake activity at Volcán de Colima was observed during the 2005 March-September explosion sequence, when 15 explosions with energy ≥10 11 J were recorded (Zobin et al. 2006 ); all these explosions were preceded and accompanied by the microearthquake swarms over several days.
Our paper presents the study of these microearthquake events. We analyse their temporal distribution during the eruption process, their waveforms and their nature. We show that two volcanic processes supposedly produced the microearthquakes by small rockfalls during the partial collapse of the lava dome and by microexplosions generated along the crack system of the lava cap.
VOLCÁ N D E C O L I M A A N D I T S E X P L O S I V E A C T I V I T Y D U R I N G 0 0 5 M A RC H -S E P T E M B E R
The andesitic, 3860-m high, stratovolcano Volcán de Colima is the most active volcano in Mexico. It is located in the western part of the Mexican Volcanic Belt, and together with the Pleistocene volcano Nevado de Colima, forms the Colima Volcanic Complex (Fig. 7) . Volcán de Colima displays a wide spectrum of eruption styles, including small phreatic explosions, major block-lava effusions and large explosive events (Breton Gonzalez et al. 2002) .
The 11 and 10 12 J (Zobin et al. 2006) . All of them were preceded and accompanied by the swarms of microearthquakes.
The 2005 eruption activity of Volcán de Colima was monitored by a seismic network that consisted of four short-period seismic stations and one broad-band seismic station. In our study, we use the seismic records of the nearest analogue seismic station EZV4 situated at a distance of 1.7 km from the crater on the northern flank of the volcano and equipped with a short-period (Ts = 1.0 s) vertical seismometer, and the digital station EZ5 equipped with a broad-band three-component GURALP CMG-40TD sensor with a corner frequency of 30 s, situated at a distance of 4 km from the crater on the southern flank of the volcano together with a shortperiod instrument EZV5 (Fig. 7) . The seismograms of the farther EZV5 station, as filtered by the distance and free of noise, were used for the selection of microearthquakes and preliminary waveform analysis. The waveforms of selected events were processed then using the seismograms of the nearest short-period EZV4 station where they were recorded more clearly. The seismic records of the broad-band EZ5 station were used as auxiliary; the majority of microearthquakes were unreadable on this station records.
We use also the images of two video cameras Sony model CCD-TRV118 that were installed at two sites ( Fig. 7) : 15 km S (NAR; Naranjal) and 5.5 km N of the crater (NEV; Nevado) for the identification of explosive events. They were not synchronized exactly with seismic timing and their images were used only for the identification of the surface manifestation of volcanic activity. 
Swarms of microearthquakes
G E N E R A L D E S C R I P T I O N O F T H E S E I S M I C R E C O R D S O F M I C RO E A RT H Q UA K E S
Waveforms of the seismic signals of microearthquakes
The general description of the seismic records of microearthquakes is based on the seismic records of short-period seismic station EZV4 situated at a distance of 1.7 km from the crater (Fig. 7) . The microearthquake waveforms may be separated into three groups.
The first group (type I) is represented by the waveforms consisting of two pulses. Two typical waveforms and their spectrograms are shown in Fig. 9 . It is clearly seen in the seismogram that the first pulse (between t 1 and t 2 ) is of lower amplitude and lower frequency compared with the second pulse. The spectrograms, representing the contour plots of the log of the power spectral density as a function of time, show that the signal begins at low (about 0.5-1.0 Hz) frequency level and then continues within the frequency range between 1.8 and 4 Hz at the time of arrival of the second pulse. The spectral frequencies (Fig. 10a) are distributed in the range of 1-4 Hz, with three peaks; the highest corresponds to 2.7-3 Hz (41 per cent of events). Two other peaks are noted for 1.2-1.5 Hz (18 per cent of events) and for 1.8-2.1 Hz (22 per cent of events). These waveforms are similar to the waveforms of microearthquakes observed at other volcanoes and described in the Introduction. The durations of the quake records of the first group (Fig. 10b ) are distributed mainly (for 90 per cent of events) between 20 and 40 s.
The second group (type II) of waveforms (two of them are shown in Fig. 11 ) are characterized by the spindle-shape seismic signals with a gradual increase-decrease in amplitude, often without a clear beginning of the signal. The spectrograms show that the signal is represented within the range of frequencies between 1 and 4 Hz. The distribution of the spectral peak frequencies (Fig. 10a) shows that for 68 per cent of the second type events the peak frequencies are distributed between 2.7 and 3.7 Hz. The durations of the seismic signals are distributed with two peaks (Fig. 10b) ; the largest (for 69 per cent of events) is between 25 and 45 s and the second peak lies between 55 and 75 s (28 per cent of events).
Generally, it is possible to say that both types of the seismic signals are characterized by similar range of frequencies and signal durations for the majority of events. The main difference is in the form of the signals: the two-pulse signal of the first type and a 814 V. M. Zobin et al. spindle-type signal of the second type. The application of the automatic Continuous Hidden Markov Model-based recognition system (Cortés et al. 2009 ) allows us to discriminate between these two types of Colima events (defined by Cortés et al. as LP and COL (collapse) , respectively) for 80-90 per cent of recorded events based on the characteristic features of their records. The cross-correlation test for the 10-s initial part of the seismic records shows that type I waveforms, selected with the same duration of the first pulses, have a good intercluster correlation with a good similarity for the second pulse records (Fig. 12) . The intercluster correlation for type II events is absent. For this study, the events were manually identified considering the difference in the shape of records.
The third type of waveforms includes the signals recorded at the high level of noise or not identified (Fig. 13 ).
Possible nature of the seismic signals of microearthquakes
We had two options: to name our signals as the LP or hybrid events, as was done in the majority of publications about similar signals, or to identify their volcanic nature. Working at Volcán de Colima, we had a great advantage over the volcanological studies at other volcanoes. We had the simultaneous video images of the processes that generated the seismic signals similar to our microearthquake records. These seismic signals were generated by volcanic explosions and rockfalls that were clearly seen on the simultaneous video images (Figs 14 and 15) .
The comparison of the seismic record of an explosion with the seismic records of the microearthquakes of the first type shows the similar two-pulse seismic records (Fig. 14) . The comparison of the seismic record of a rockfall with the seismic records of the microearthquakes of the second type shows the similar spindle-type seismic records (Fig. 15) . Therefore, we consider that the firsttype microearthquakes were produced by explosive-type events while the second-type microearthquakes were produced by small rockfalls.
T H E C H A R A C T E R I S T I C S O F M I C RO E A RT H Q UA K E S W I T H R E G A R D T O V O L C A N I C P RO C E S S
As it was noted earlier, all 15 large explosions (E ≥ 10 11 J), occurring during the 2005 explosive sequence at Volcán de Colima (Zobin Table 1 . Seven of them had energy between 3×10 11 and 8.6×10 11 J, seven explosions had energy between 1×10 12 and 7.1×10 12 J and one explosion was with energy of 1.5×10 13 J. Two sequences of explosions occurred with the intervals of 2-3 d: March 10 to 13 and May 30 to July 6. They represented the most energetic explosions (six out of eight explosions with energy greater than 1×10 12 J). The seismic events associated with these two sequences of the largest explosions were selected to study the general characteristics of microearthquakes. We selected also the September 16 explosion, which occurred about 3 months after the main explosion sequences and may be considered as independent of previous explosions. The remaining eight explosions were rather small, separated in time or their seismic records were not completed (as for the May 24 event). Their characteristics will be used for a general discussion only.
Therefore, three samples of microearthquakes were selected: the seismic records associated with two sequences of large explosions: The distribution of peak spectral frequencies (A) and the seismic record durations (B) for two types of microearthquakes. 1, 2 and 3 mark the peaks in the frequency distribution for the events of type I. Data were taken from the seismic records at seismic station EZV4, 1.7 km from the crater.
Microearthquakes associated with a single large explosion
The large (E = 8.6×10
11 J) explosion of 2005 September 16 was a single event separate from the previous large explosions, which terminated in 2005 July. It was preceded by a long sequence of microearthquakes. Fig. 16(a) shows a set of seismograms recorded at station EZV5 during 2005 September 14-16. The moment on September 14 when the microearthquakes began can be seen. In total, 243 events were recorded. Their rate of appearance increased about 17 hr after the beginning of sequence (Fig. 16b) . The cumulative number continued to grow gradually until the moment of explosion that occurred on September 16 at 15:47 a.m., about 60 hr after the beginning of the microearthquake sequence. The rate of the number of microearthquakes strongly decreased after the explosion.
The sequence was composed of the different types of small seismic signals; the majority of microearthquakes lasted between 20 and 30 s. The microexplosive events were more numerous (154 events) and represented 88 per cent of the recognized events. The rockfall events (21 events) represent 12 per cent of the events. 68 of 243 microearthquakes (or 28 per cent) were recorded with a background of strong noise, and it was impossible to identify their waveforms.
Microearthquakes associated with two sequences of large explosions
The The spectrograms in the palettes represent the contour plots of the log of the power spectral density as a function of time. They were obtained by the short-time Fourier transform of the seismic signal, computed by fast Fourier transformation of overlapping windowed signal segments. Spectrogram is normalized to the maximum value of energy for every 2.56 s window, so it shows the relative changes in frequency distribution and dominant spectral peaks. Seismic station EZV4, 1.7 km from the crater. Code is yyyy_mmddhhmm.
Temporal variations in microearthquake sequences
Figs 17(a) and 18 (a) show the cumulative number of microearthquakes during two sequences. It can be seen that every time, some hours before the large explosions, the cumulative number of events sharply increased. The durations of these preliminary intervals varied from 6 to 14 hr without any dependence on energy of forthcoming explosions (Table 1) . Between the large explosions, the rate of microearthquakes appearance decreases.
Structure of microearthquakes sequences
The microearthquakes sequences were represented again by explosive and rockfall events described (See Section 3.1). Within the Sequence 1, 193 events were recorded; 39 per cent of the signals (75 events) were recorded on the background of strong noise and were not identified. The remaining 118 events represented 105 events (or 89 per cent) corresponding to the waveforms of explosions, and 13 (or 11 per cent) to the waveforms of rockfalls. Within the second sequence, 530 events were recorded; 30 per cent of the signals (160 events) were recorded on the background of strong noise and were not identified. The remaining 370 events represented 312 events (or 84 per cent) corresponding to the waveforms of explosions, and 58 (or 16 per cent) to the waveforms of rockfalls.
Q UA N T I F I C AT I O N O F T H E V O L C A N I C E V E N T S T H AT G E N E R AT E D M I C RO E A RT H Q UA K E S
We can consider the microearthquakes as the products of two types of volcanic events, microexplosions and small rockfalls. Now we will try to quantify these events and compare their size with those of large explosions and pyroclastic flows.
Quantification of microexplosions
The majority of the microearthquake waveforms, as it was noted earlier, are similar to the two-pulse seismic records produced by volcanic explosions and described in Zobin et al. (2006 Zobin et al. ( , 2008a Zobin et al. ( , 2009 . It allows applying a two-stage conceptual model of a Vulcanian explosion at andesitic volcano developed in Zobin et al. (2006 Zobin et al. ( , 2009 for the quantification of this type of microearthquakes.
The conceptual model of a Vulcanian explosion at andesitic volcano and the structure of explosive earthquake waveforms
The conceptual two-stage model of a Vulcanian explosion at an andesitic volcano, proposed by Zobin et al. (2009) , describes the volcanic explosion process as consisting of two stages (the movements of the fragmented magma to the surface and a subsequent explosion). It is based on the field and laboratory experiments that Ripepe et al. (2001) carried out during the study of the explosions at Stromboli volcano and a laboratory experiment imitating an explosion at a basaltic volcano.
The bubbles in water were formed by air pumped at a constant flow rate from the bottom of a cylindrical tank filled with water. They merged into a pipe imitating a magma conduit. The gas foam accumulated at the roof of the tank and then collapsed into a large bubble inside the pipe. The bubble began to flow within the pipe and then finally broke at the liquid surface. During the movement of the bubble, an acoustic sensor in a tube outside the water recorded a LF signal; when the bubble breaks at the liquid surface, a highfrequency signal was recorded.
The laboratory signal presented strong similarities to the seismic signal produced by the Stromboli explosion. It allowed Ripepe et al. (2001) to infer that the initial LF seismic signal was generated by the rapid expansion of gas in the magma conduit, while the highfrequency seismic signal was generated by the explosion at the magma free surface.
The contemporary records of broad-band seismic signal and video images of a Vulcanian explosion at Volcán de Colima (Zobin et al 2008b.) showed that the first superficial manifestation of the explosion (outlet of magma material from the crater) appears only about 15 s after the onset of the seismic record, on the code of the second pulse. This indicates that broad-band seismic record was generated by the process occurring within the volcano conduit. The similarity between the seismic records of Colima explosions and the laboratory and field experiments carried out by Ripepe et al. (2001) as well as the result of (Zobin et al. 2008b) , showing that the seismic records of Colima explosions describe the process of explosion generation within the conduit, allowed to use the results of (Ripepe et al. 2001) for interpretation of the two-pulse seismic records of Colima explosions (Zobin et al. 2006 (Zobin et al. , 2009 with some corrections for the case of andesitic volcano. The experiments and theory described in (Ripepe et al. 2001) were applicable to low viscosity magma with high mobility of gas bubbles. Formation of gas slugs in more viscous magmas, typical for lava dome forming eruptions, is not possible because relative velocities of bubbles are small in comparison with ascent velocity of magma. For an andesitic volcano may be considered, according to (Eichelberger et al. 1986 ; 
The conceptual model of a volcanic microexplosion
The model (Zobin et al. 2006 (Zobin et al. , 2009 was developed for rather large explosions. Therefore, it is not directly applicable to microexplosions at Colima although seismic records have several similarities and its application to the explosive microearthquakes needs some additional hypothesis. As it was noted, during the 2005 explosive sequence a lava dome building-destruction process was observed, demonstrating a high magma-ascent rate (See Fig. 8 ). The passage of the gas-and-ash jets of previous small explosions through the lava dome cap (Fig. 19) produces the magma crack system within the lava cap and its borders as a result of the brittle failures of magma (Zhang 1999; Neuberg et al. 2006; Harrington & Brodsky 2007) and forms the cavities under the lava cap. We consider that the sources of explosive microearthquakes were situated within this tensile crack system formed at the base of the lava cap and within it (Fig. 19) , and propose the following process of microexplosion generation. Magma degasses by permeable flow and gas accumulates in the sublava-cap cavities. The pressure builds up and cracks at the bottom of the cap start to open. They are filled by the gas mixture reaching high-pressure levels that lead to the crack opening and propagation to the dome border. As the gas pathway is established, a gas with some ash forms jets and pressure in the cavity decreases. It leads to new influx of the gas into the cavity and preparation of a new explosion.
A crack, containing magmatic fluids, is widely accepted as a source of LP seismic vibration (Chouet 1986; Kumagai & Chouet 2000 ; among others). We consider its vibrations during the filling of it by gas and steam exsolved from ascending magma as a source of the first LF pulse in the seismic record. The explosion would be the result of a piston-like action of the gas-steam jet escaping with a high velocity from the crack. This volumetric process produces the second high-frequency pulse. These pulses are indicated on the seismogram (Fig. 19 ) with indexes t 1 (arrival of the first pulse), t 2 (arrival of the second pulse) and t 3 (termination of the explosive process).
The microexplosion activity continues with the process of lava base brittle fracturing and crushing the base of the lava cap. They prepare the passage for the fragmented magma gas-particle dispersion jets producing large explosions (Fig. 19) .
For better understanding of the nature of the first pre-explosion pulse, corresponding to the filling of the tensile magma crack, we determine the wave nature of this pulse. Fig. 20 shows the particle motion for the first pulse of seismic record of microexplosions recorded at EZ5 station. It was the only three-component seismic station; therefore, it was the only seismic station for the study of the particle motion. To avoid the influence of high-frequency noise, the records of vertical and radial components were low-pass filtered at 1.0 Hz. The record is short (4 s) but it is possible to see that the retrograde motion of particles forms well-expressed ellipses in the 820 V. M. Zobin et al. vertical plane that is characteristic for Rayleigh waves (Bullen & Bolt 1985) .
Therefore, the entrance of gases, or steam, exsolved from ascending magma, into the pre-existing cracks may generate the first, pre-explosion pulse of seismic signal as a vibration of the crack walls producing surface Rayleigh wave.
The model is constrained by four source parameters inferred from the seismic records (Zobin et al. 2009 ). Among them are (Fig. 19 ) a single force F acting in the crack before an explosion and governing the gas-particle dispersion movement to the surface, the time D 1 = t 2 -t 1 of the duration of the first pulse corresponding to the movement of gas-particle dispersion in the crack before an explosion, the duration of the explosion in the conduit D 2 = t 3 -t 2 and energy E of the explosion. So we consider the source mechanism of a microexplosion as consisting of a single force F and a volumetric component characterized by the explosive energy E.
We determine the parameters for explosive microearthquakes and compare them with the parameters obtained for two samples of explosions observed at (Zobin et al. 2006 (Zobin et al. , 2008a . Both samples are complete enough and may serve as the representative distributions of these groups of explosions.
Modelling of the first seismic pulses and estimation of the force F
The Rayleigh nature of seismic waves representing the first seismic pulses allows us to use the methodology of modelling the first pulse as a Lamb's pulse with the estimation of a counter force of the eruption (Kanamori & Given 1983) . To determine a force component of the source of an explosive event, we calculated the time domain synthetic seismograms excited by a single vertical pulse of a unit force F (1 N) originating at a depth 0.5 km below the crater of the volcano and recorded at a distance of 1.7 km. The distance of 1.7 km was the distance to the seismic station EZ4 (Fig. 7) . The depth of the source of the LF pulse is a problematic value. For our case of microexplosions, forming within the magma cracks, it may be the depth of the crack lower point and not the depth of the following explosion. The depth of 0.5 km was taken as a possible depth of a lava cap bottom in the crater where the system of cracks may be developed.
For the calculation of synthetics we used codes by Nishimura (1995) . These codes were prepared by applying the discrete wavenumber method by Bouchon (1979 Bouchon ( , 1981 and the reflection and transmission coefficient matrices (Kennett & Kerry 1979) . The source time function was taken as a triangle with a pulse width τ . The three-layer crust structure used for modelling was taken from Núñez-Cornú et al. (1994) with some simplifications. The model does not take into account the topography of a volcano.
The procedure by Nishimura (1995) does not include any technique of inversion (such as least-squares iterations) for precise comparison of synthetic and observed records. At the same time, the simple form of the synthetics allows us to do a visual comparison of the records with the modelled synthetics (Fig. 21b) . We estimate the values of F and τ selecting an impulse with τ that has the same width as the observed impulse and normalizing the average of three first peak amplitudes of LF impulse by their synthetic equivalents (Fig. 22) . Our assumption about the fixed depth leads to rather small error. Considering that the depth of microearthquake origin can vary from 0.1 to 1.0 km, the choice of the depth equal to 0.5 km gives the relative increase of F (+0.11 log unit) compared with the estimation with the depth of 0.1 km and the relative decrease of F (-0.09 log unit) compared with the estimation with the depth of 1.0 km. Additional errors may arise due to some simplifications proposed by the Nishimura's procedure such as the absence of topography effect and the visual comparison of the records. Totally, it does not allow absolute values better than ±0.5 log unit. At the same time, for a sequence of microexplosions, occurring at the same volcano and recorded at the same seismic station, the topography effect and the methodology of the seismic records and synthetics fitting would be the same. Therefore, a relative precision of F would be about ±0.1-0.2 log unit that includes the error for a fixed depth.
The methodology was originally proposed by Nishimura (1995) for application to LP seismic records; we have used it in our study for short-period records. Considering that the strongest microearthquakes may radiate more LP vibrations recorded by shortperiod instruments and could be suitable for our modelling, we estimated the force components for the sources of only 11 of the largest microexplosions selected from the events with energy E >10 7 J. The estimated values of F varied from 3.1×10 7 to 3.6×10 8 N.
Duration D 1 of the first pulses of the seismic signals
The duration of the first pulse, D 1, is equal to t 2 -t 1 (Fig. 21a) . The errors in picking of these times may vary between 0.1 and 0.5 s for t 1 and between 0.5 and 1.0 s for t 2 . The first pulse of microexplosion records is thought to be produced during the upward (or horizontal + upward) movement of a gas filling the magma cracks during time D 1 before an explosion. Fig. 24 shows the distribution of the durations of these pulses for microexplosions. It is seen that the majority of these values vary from 0 to 2.5 s (87 per cent events of the March sequence, curve 1; and 94 per cent events from the May-June sequence, curve 2). Suggesting the constant velocity of the gas movement within the cracks, the pulse duration constrains the crack length, or the depth of generating of microexplosions. We cannot give any absolute estimation for these depths but we can estimate the relative position of microexplosions and large and small explosions within the volcanic conduit. D 1 values, estimated by (Zobin et al. 2006 (Zobin et al. , 2008a for small explosions, associated with the 2004 September-November extrusion (Fig. 24, curve 3) , and the 2005 May-September large explosions (Fig. 23, curve 4) , show that large explosions are systematically characterized by D 1 ranging from 3.5 to 7.5 s. D 1 values, measured for small explosions, and vary widely having the peaks characteristic for microexplosions as well as for large explosions. Therefore, the microexplosions are generated within the near-surface zone of the conduit, above the level of large explosions generation, but coinciding eventually with the level of generation of small explosions.
Figs 17(b) and 18(b) show the temporal variations in D 1 of explosive microearthquakes during two sequences of large 2005 explosions. It is difficult to see any regularity in the temporal variations of D 1 during the stages of increase in the number of microearthquakes before an explosion or during the stages between the pair explosions. However, it is possible to see the slight tendencies in decreasing of the first pulse durations for about 30 hr after the explosions of March 10, May 30 and June 2.
Energy of microexplosive events
The second, co-explosion pulse of seismic records of microexplosions, as it is shown in Fig. 21(a) , is limited by the time of arrival of the second pulse t 2 and the time of termination of this pulse t 3 . These high-frequency pulses are supposed to be generated by the explosions of gas at the moment of its outlet from a crack. Therefore, according to the conceptual model, their durations may be associated with the duration of explosions, and their spectral amplitudes are proportional to energy of explosions.
The estimation of the Colima explosions energy in Zobin et al. (2006) was based on the seismic records of the broad-band seismic station EZ5 situated at a distance of 4 km from the crater. The Fourier spectrum of the second pulse was used to estimate energy of the seismic pulse of explosion recorded at this station, E s . The theorem of Parseval (Weaver 1983) states that it is possible to calculate the total amount of energy E i (for the unit of mass) in a continuous signal v (velocity) from the Fourier spectrum of the signal.
According to this theorem, we calculate energy E s (in Joules) of the co-explosion pulse as the integral (1) where v is the length of the Fourier vector taken from the minimum to maximum frequencies of the spectrum (Fig. 21b and c) . To estimate the total energy of the explosion, we multiply energy of the co-explosion pulse, E s , by the coefficient of the seismic portion of the total energy of the explosion (the ratio between seismic and total energy), p, and the coefficient of effective attenuation of seismic energy with distance including the effects of geometrical spreading, energy absorption, focal mechanism and station conditions, k. The coefficients p = 10 −5 and k = 10 −13 were approximately estimated for the Colima volcano explosions recorded by broad-band seismic station at a distance of 4 km from the crater (Zobin et al. 2006) . The total energy of the explosion E t was calculated as
Eq. (2) provides the values of E with a precision of about half an order of magnitude. At the same time, the estimations of E for a sequence of explosions at the same volcano can give a resolution of about ± 0.1 of log unit.
We selected 11 largest microexplosions, recorded simultaneously by EZV4 and EZ5 stations, calculated energy E s of their seismic impulses and obtained the relation of
It allowed modifying the eq. (2) for the seismic records of EZV4 station as
The estimated energy of explosions producing microexplosions varies within about four orders ranging from 1×10 4 to 7.2× 10 7 J. Fig. 24(a) shows energy distributions for two groups of microexplosions, occurring in 2005 March (1; 106 events) and 2005 May-June (2; 312 events). These distributions are similar with the mean values of (3.00 ± 8.83) × 10 6 and (2.51 ± 6.83) × 10 6 J, respectively.
The characteristic values for the strength conditions of the rocks may be obtained as the mean values of these types of distributions (Fellin 2004) . Tokarev & Firstov (1967) , studying the explosive earthquakes of Karymsky and Kamchatka, volcano, suggested that the existence of the maximum on the frequency-energy curve observed for volcanic explosions may indicate the optimal conditions in the conduit (such as the conduit diameter, the rate of magma discharge or the physical characteristics of magma) for the occurrence of an explosion of this characteristic size. Therefore, the mean values of explosive energy, released during the microexplosions at Volcán de Colima, may be considered as the characteristic values of the rocks constructing the volcano conduit and associated magmatic activity.
We show that the groups of microexplosions, occurring during 2005 March (1) and 2005 May-June (2), had the distributions belonging to the same sample with the characteristic mean values and, consequently, occurring in the same conditions of their generation. We applied the Kolmogorov-Smirnov test (Fig. 24b) considering as a null hypothesis that these two databases, n 1 and n 2 , belong to the same sample. The maximum difference between two cumulative distributions, D n1, n2 , is 0.1644. To reject the null hypothesis at the significance level α, D n1, n2 has to be greater than the critical value equal to k 1−α √ (n 1 + n 2 )/n 1 n 2 , where k 1−α is the quantile of the Kolmogorov distribution at the significance level α (Muller et al. 1979) . We checked the significance of D at the level of α = 0.01 (k 1−α = 1.628) obtaining the critical value of 0.1830, which is greater than the observed D n1, n2 . It allows us to consider that the both databases of microexplosions belong to the same sample and may be considered as having the same nature of generation. The comparison of energy distributions of microexplosions with energy distributions obtained for 236 small explosions, associated with the 2004 September-November lava extrusion (Fig. 24a, curve 3), demonstrates (Fig. 24c) that they, in their turn significantly differ. The maximum difference between the cumulative distributions, D, is 1.00 (Fig. 24c) , that is larger than the 0.01-critical value of 0.1402. It is interesting to note, that energy distribution obtained for small explosions significantly differs also from energy distribution of the 2005 March 15-September large explosions (Fig. 24a, curve 4) . The maximum difference between the cumulative distributions, D, is 1.00 (Fig. 24d) , that is larger than the 0.01-critical value of 0.4334.
It shows that microexplosions occurred in the conditions that differ from the same of small and large explosions, and may be generated by the different processes within the volcanic conduit. The separation between the large and small explosions is at a level of 10 11 J and the separation between small and microexplosions is at a level of 10 7 J (Fig. 25) .
Durations of microexplosions
The errors in picking of t 3 from the short-period seismic records may vary between 1.0 and 5.0-15 s. It is not so important for energy estimation, the coda amplitude is low, but it may raise large errors in D 2 . Therefore, we prefer to not discuss this parameter of microexplosions.
Spectral content
Fig . 26 shows the characteristic Fourier velocity spectra for the explosive events. It is seen that each of them has a few peaks; we use in our analysis the only peak, fo (Fig. 21c) corresponding to the maximum spectral amplitude. These peak frequencies are different from event to event (Fig. 26 ) but are rather regular within each of two sequences. The distribution of peak frequencies shows (Fig. 27 ) that the explosive microearthquakes associated with the March explosions were characterized by a dominant peak frequency of 2.8 Hz. However, for the May-June, three dominant peaks were observed, at 1.3, 2.0 and at the same 2.8 Hz as for the March events. The peak frequency of velocity spectrum is usually a function of the source dimension (Lay & Wallace 1995) . Therefore, the existence of stable frequency peaks may indicate the repetitive occurrence of explosive microearthquakes along the same cracks. It is interesting that the lower frequency microearthquakes with the peak frequencies of 1.3 and 2.0 Hz appeared within Sequence 2 when the largest explosions occurred. The distribution of the peak frequencies of explosive microearthquakes during the 2005 September 14-16 sequence (see Section 4.1) gives the same peak at 2.8 Hz as for the March sequence (Fig. 27, curve 3) .
Figs 17(c) and 18(c) show the temporal variations in the peak frequencies of explosive microearthquakes spectra during two sequences of large explosions. No regularity is seen in the temporal variations of the peak frequencies during the stages of increase in the number of microearthquakes before an explosion or during the stages between each of pair explosions. Only before the first large explosion of March 10, the gradual decrease in frequencies was observed.
Quantification of rockfalls
Rockfall signals represent a small part of microearthquake records. These events are believed to occur as a result of the partial collapse of the lava dome during its building destruction. The size of rockfall deposit may be approximately estimated from the duration of seismic signal. Zobin et al. (2005) studied the dependence of the duration of short-period seismic records at a distance of 4-7 km from the crater on the mean volume of deposit of pyroclastic flow rocks. It was shown that the short-period seismic signals can be divided into three categories based on their duration: short events with durations less than 100 s; intermediate events with durations between 100 and 250 s and long events with durations longer than 250 s. It was inferred that long events correspond to pyroclastic flows with mean deposit volume ∼2×10 5 m 3 , and intermediate events represent pyroclastic flows with mean deposit volume ∼1×10 3 m 3 . Field observations suggest that short events correspond to rockfalls with a mean volume of ∼50 m 3 . Fig. 28 shows that the seismic records of the rockfall-type microearthquakes are characterized by durations less than 100 s, settling them within the category of short events which correspond to rockfalls with a mean volume of ∼50 m 3 .
R E S U LT S A N D D I S C U S S I O N
Our study allows us to propose the following characteristics of microearthquakes recorded at Volcán de Colima during the 2005 explosive sequences.
(1) The swarms of microearthquakes appeared at Volcán de Colima before and after its large explosions. Their rate of appearance sharply increased 6 to 40 hr before large explosions allowing an alarm to be raised for Civil Protection.
(2) The microearthquake waveforms were identified as the spindle-shape records of rockfalls and two-pulse records of microexplosions. The explosive microearthquakes represent from 84 to 89 per cent of the total number of microearthquakes with the readable waveforms and are similar to the waveforms of microearthquakes (LP, hybrid or drumbeats) observed at other volcanoes.
(3) The microexplosion waveforms are represented by two pulses supposedly generated by the source consisting of a single force component and volumetric component. The force component, corresponding to the largest microexplosive events, was estimated at a level from 3.1×10 7 to 3.6×10 8 N. Energy of volumetric component (explosions that generated the microearthquake waveforms) ranges from 10 4 to 7×10 7 J. (4) The dominant frequencies of the explosive microearthquakes were 2.8 Hz for the 2005 March explosion sequence and 1.3, 2.0 and 2.8 Hz for the 2005 May-June explosion sequence. The durations of the first pulse of the explosive microearthquake waveforms, corresponding to the time of the movement of gas, filling the cracks before an explosion, range between 0 and 2.5 s for all microearthquakes.
The appearance of microearthquakes before large volcanic explosions and lava dome collapse and the sharp increase in their rate of appearance some days or hours before the explosions makes them a useful instrument for volcano monitoring. Some alarms of forthcoming volcanic explosions were announced at Colima Volcano Observatory during 2005 by G. Reyes for the Civil Protection of Colima State, once with the publication of this alarm in the local newspaper (El Comentario, 2005 September 27: publication 'Dentro de las próximas 72 horas, se espera gran explosión del Volcán'). The explosion with energy 5.8×10 11 J occurred on September 27 at 05:08 a.m., local time.
The data on the period of a sharp increase in the number of microearthquakes before a large explosion (duration of the period and the number of events recorded during the period; Table 1 give a mean rate of microearthquakes appearance before the large explosions (E ≥ 10 12 J) equal to 5.8 ± 1.5 events/hr at station EZV5 situated at a distance of 4 km from the crater (for the events with energy <10 12 J the rate is 3.9 ± 1.4 events/hr). At the same time, the mean rate of appearance of microearthquakes between the explosions is only 2.0 ± 0.3 events/hr. This significant difference in the microearthquakes rates during different periods of volcanic activity at Volcán de Colima allows us to carry out a monitoring of explosive activity at the volcano in real time and to give an alarm of the forthcoming explosion a few hours before the event.
The 2005 alarms of large explosions at Volcán de Colima were not realized in the quantitative form, they were based only on the general intuition of the investigators. Nevertheless, the cumulative curves of the number of microearthquakes before large explosions shown in Figs 16-18 are similar to those used by Minakami (1960) , Tokarev (1963) , Cornelius & Voight (1995) , Reyes-Dávila & De la Cruz-Reyna (2002) , among others. Considering that the 2005 Colima microearthquake swarms were the result of the mechanical deformation of the upper (rockfalls) and lower parts of the lava dome (microexplosions) during the building of the new lava domes, the Materials Failure Forecast Method (Cornelius & Voight 1995) may serve as a theoretical basis for the quantitative forecasting of the time of large explosions. The study of the repose intervals between the Vulcanian explosions may give additional information for the explosion forecasting (Connor et al. 2003) .
The microearthquakes were identified as the products of rockfalls and microexplosions. A rockfall as the source of the seismic signals is not a questionable event. The spindle-shape seismic records of rockfalls are well known during the dome-building eruptions at andesitic volcanoes Soufrière Hills (Luckett et al. 2002) and Merapi (Ratdomopurbo & Poupinet 2000) . At the same time, the explosive nature of other group of microearthquakes needs in additional discussion.
We use in our paper a two-stage conceptual model of volcanic eruption to explain the two-pulse seismic record of explosion or microexplosion. The traditional practice in the study of explosive seismic records is to filter their high-frequency content, obtaining the LP or VLP signals. After filtering, the seismic records have no two-pulse waveform but a simple LP pulse to determine the characteristics of a certain centroid representing the generalized source of the explosion Waite et al. 2008 ; among many others). Another approach is to consider the first 30-60 s of the seismic record for analysis as a signature of an LP event and study the characteristics of this explosive source (Palo et al. 2009) . Our model has another ideology. We study the seismic signature of an explosion without significant filtering that allows considering the observed two pulses as characterizing the different stages in the source of explosive event.
Our main argument for the explosive nature of type 1 microearthquakes was the similarity between the seismic signals of volcanic explosions and this group of microearthquakes. Additional argument may be taken from the study of the source mechanism of microearthquakes (or LP events) associated with the 2005 July explosions at Mt St Helens (Waite et al. 2008) . Waite et al. (2008) obtained that the source mechanism of LP events includes a volumetric component and a vertical force. A similar mechanism was obtained by Chouet et al. (2008) for the 1997 Stromboli explosions that support our suggestion of the explosive nature of these microearthquakes. The interpretation of the explosion source mechanism as the result of a piston-like action of the liquid associated with the disruption of a gas slug, transiting through discontinuities in the conduit direction, is in a good accordance with the proposed in our model, a piston-like action of the gas-steam slug transiting through the magma crack.
The dominant frequencies of the Colima explosive microearthquakes are close to those estimated for LP events of Ubinas (2.8 and 3.6 Hz; Macedo et al. 2008) and Mount St Helens (2-3 Hz range; Waite et al. 2008) .
The locations of LP and hybrid events at different volcanoes showed that they occur within a small area (about 1 km 2 ), centred on the vent, at the depth of about 300-500 m beneath the crater (Moran et al. 2008a; Martini et al. 2007) . We can attribute these characteristics to the position of our explosive microearthquakes also.
Having a short-period seismic network (only one broad-band station EZ5 was in operation during 2005) we cannot test other, noted earlier, possible mechanisms of the type I seismic events. The construction of the seismic moment tensor solution requires a near-volcano network of broad-band seismic stations; we did not have them during the 2005 explosive sequence. Now the network of six broad-band stations is installed around Volcan de Colima. Therefore, the models proposed by Chouet et al. (2008) , Waite et al. (2008) , and others, to explain the nature of LP, VLP or hybrid seismic signals at volcanoes may be useful for study of the nature of at least a part of type II events during the future explosions at Volcán de Colima.
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